Introduction {#s1}
============

Juvenile myoclonic epilepsy (JME) is the most common form of idiopathic epilepsy in humans, making up 10--30% of cases ([@bib15]). Most genes implicated in idiopathic epilepsies encode ion channels with predictable consequences on neuronal excitability, yet disruption of EFHC1, a non-ion channel protein, has been reported as the most frequent cause of JME ([@bib16]). While several neuronal roles have been proposed for EFHC1 ([@bib13]; [@bib11]; [@bib12]; [@bib44]; [@bib52]), it remains unclear how mutations in *EFHC1* lead to epilepsy. Interestingly, EFHC1 is also specifically associated with motile cilia that project from specialized cells to enable fluid flow ([@bib9]; [@bib53]; [@bib54]), but a role for EFHC1 in non-motile cilia that emanate from most cell types to allow for sensory and signaling functions largely remains unexplored ([@bib60]).

In the human brain, there are both motile cilia, which enable cerebrospinal fluid flow, and non-motile cilia, which project from the cell bodies of all or most neurons ([@bib2]). Although EFHC1 dysfunction impairs motility of ependymal cilia in mice, the accompanying ventricle enlargement does not correlate with epilepsy ([@bib54]). Furthermore, although several neuronal functions have been attributed to EFHC1, including regulation of ion channels, apoptosis, cell division, neuronal migration, neurite architecture and neurotransmitter release ([@bib13]; [@bib11]; [@bib12]; [@bib44]; [@bib52]), a possible role for EFHC1 in non-motile cilia of neuronal cells has not been explored. As a core component of the protofilament ribbon structure of motile cilia thought to dictate the ordered attachment/arrangement of proteins required for motility ([@bib24]; [@bib33]), EFHC1 may play a similar role in neuronal cilia to anchor/regulate signaling molecules and modulate neuronal excitability.

Here we demonstrate that rather than being a core component of ciliary motility-associated machinery, the *C. elegans* orthologue of EFHC-1 is required for mechanosensation in a class of non-motile cilia, where it regulates neuronal activation and dopamine signaling. Interestingly, EFHC-1-mediated signaling also occurs at the synapse in cooperation with a known EFHC1-interaction partner, an R-type voltage-gated calcium channel. Our work highlights the importance of exaptation (functional adaptation) of a cilium motility protein in non-motile sensory cilia. Moreover, our findings reveal a previously undescribed dual-regulation of neuronal excitability at the site of sensory neuron input (cilium) and sensory neuron output (synapse) and suggest an important correspondance between dopamine neurotransmission and epilepsy.

Results {#s2}
=======

EFHC-1 localizes to cilia and synapses of mechanosensory dopaminergic neurons and to the distal regions of male-specific dopaminergic ray neurons {#s2-1}
-------------------------------------------------------------------------------------------------------------------------------------------------

To isolate possible non-motile ciliary functions of EFHC1, we took advantage of *Caenorhabditis elegans*, a nematode which only has non-motile sensory cilia. We generated a GFP reporter of *C. elegans* EFHC-1 driven by its own promoter, and found that the *efhc-1::gfp* fusion construct is specifically expressed in a small subset of ciliated mechanosensory neurons: the dopaminergic CEP, ADE and PDE neurons, and the glutamatergic OLQ neurons ([Figure 1A](#fig1){ref-type="fig"}). Both classes of neurons terminate in cilia embedded in the cuticle, ideally positioned to mediate mechanosensation at various locations along the body: four CEP neurons paired with four OLQ neurons project cilia in the nose, two ADE neurons position cilia in the anterior body, and two PDE neurons localize cilia to the posterior body ([@bib26]; [@bib51]; [@bib58]) ([Figure 1A](#fig1){ref-type="fig"}). Additionally, EFHC-1::GFP is found in the distal regions of sex-specific dopaminergic ray neurons in the male tail ([Figure 1B](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). Importantly, these expression patterns were confirmed by tagging endogenous EFHC-1 with GFP using the CRISPR/Cas9 technique ([Figure 1---figure supplement 2A--B](#fig1s2){ref-type="fig"}).

![EFHC-1 localizes to cilia and synapses of mechanosensory dopaminergic neurons and to the distal regions of male-specific dopaminergic ray neurons.\
(**A**) EFHC-1::GFP protein marker is expressed in all classes of dopaminergic neurons shared by both hermaphrodites and males (CEP, ADE and PDE), as well as in the mechanosensory OLQ neurons. Localization is enriched in cilia (arrowheads). Scale bar, 10 μm. (**B**) EFHC-1::GFP is also expressed in dopaminergic ray RnA neurons in the male tail (rays 5, 7 and 9) distal to dendrites. Scale bar, 10 μm. (**C**) In CEP and OLQ cilia, EFHC-1::GFP localization surrounds the axoneme marked by the intraflagellar transport protein XBX-1::tdTomato. Scale bar, 10 μm. (**D**) Human (*Hs*) EFHC1 is composed of three DM10 domains of unknown function and a C-terminal EF-hand (EFH) domain that is thought to bind calcium. In *C. elegans* (*Ce*), only the first two DM10 domains are conserved. A truncation protein harboring the first DM10 domain shows non-specific localization, while a truncation protein containing only the second DM10 domain shows specific ciliary localization in OLQ and CEP neurons. Scale bar, 10 μm. (**E**) EFHC-1::GFP also localizes to synaptic regions in CEP neurons, partially overlapping with the synaptic protein, SNB-1::tdTomato. Scale bar, 10 μm.](elife-37271-fig1){#fig1}

The ciliated dopaminergic neurons mechanically sense bacteria to modulate behaviors based on food availability ([@bib20]; [@bib31]; [@bib47]; [@bib48]), while OLQ neurons sense light touch to the nose and control the rate and bending angle of foraging (side-to-side head movements) ([@bib22]; [@bib29]). In these ciliated neurons, the generated EFHC-1::GFP fusion protein is enriched within cilia, alongside the intraflagellar transport protein (IFT) XBX-1 (DLIC orthologue) which marks ciliary basal bodies and axonemes ([Figure 1C](#fig1){ref-type="fig"}). Interestingly, while endogenously GFP-tagged EFHC-1 mostly accumulates in both OLQ and ADE cilia, it is weakly present in CEP cilia ([Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}), possibly reflecting a lower abundance and/or a tight incorporation with the microtubules at regular intervals within the CEP cilia that limits/masks the fluorescence associated with endogenously GFP-tagged EFHC-1. Ciliary localization of EFHC-1 is further supported by the ability of a truncated protein (C-terminal fragment containing the second of two evolutionarily conserved DM10 domains of unknown function) to specifically localize to OLQ, CEP, ADE and PDE cilia in a manner indistinguishable from the full-length protein ([Figure 1D](#fig1){ref-type="fig"} and [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}). This is in contrast to a second truncated protein (N-terminal fragment containing the first DM10 domain) that displays non-specific localization throughout all neuronal processes of glutamatergic (OLQ) and dopaminergic (CEP, ADE and PDE) neurons ([Figure 1D](#fig1){ref-type="fig"} and [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}).

Given that EFHC-1 is a core component of the protofilament ribbon structure of motile cilia that closely associates with microtubules and is ideally positioned to anchor proteins at specific locations along cilia, we hypothesized that ciliary localization of EFHC-1 is largely static. Consistent with this, when either the distal or middle portions of CEP and OLQ cilia are photobleached, the EFHC-1::GFP signal does not rapidly recover within 30 s, as would be expected for proteins dependent on diffusion to maintain their proper ciliary localizations, such as ARL-13 ([@bib4]) ([Figure 1---figure supplement 4A--B](#fig1s4){ref-type="fig"}). Moreover, kymograph analyses suggest that EFHC-1 proteins present in CEP and OLQ cilia are not associated with IFT ([Figure 1---figure supplement 4C](#fig1s4){ref-type="fig"}). EFHC-1 localization is also not dependent on UNC-101, a protein required for dendritic transport and proper ciliary localization of a set of ciliary proteins ([@bib19]) ([Figure 1---figure supplement 4D](#fig1s4){ref-type="fig"}). For example, ODR-10 expressed in AWB olfactory neurons of wild-type animals predominantly accumulates in cilia, but in *unc-101* mutant animals it no longer concentrates inside cilia and diffuses to dendrites, cell bodies, and axons ([Figure 1---figure supplement 4D](#fig1s4){ref-type="fig"}). Interestingly, ciliary expression of EFHC-1 is not dependent on DAF-19 ([Figure 1---figure supplement 4E](#fig1s4){ref-type="fig"}), a transcription factor required for the expression of many ciliary genes, again suggesting the unique nature of this ciliary protein, typically associated with motility, which has been retained in *C. elegans* to facilitate ciliary mechanosensation.

In addition to EFHC-1's ciliary localization, we find that the EFHC-1::GFP fusion protein is present at presynaptic regions in dopaminergic neurons, partially overlapping with the synaptic vesicle protein, synaptobrevin (SNB-1) ([Figure 1E](#fig1){ref-type="fig"}). By tagging endogenous EFHC-1 with GFP, we confirm that EFHC-1 localizes to these presynaptic regions, where it partially overlaps with a second synaptic vesicle protein (RAB-3) ([Figure 1---figure supplement 5A](#fig1s5){ref-type="fig"}). More specifically, EFHC-1 is found to partially colocalize with the active zone protein (ELKS-1) ([Figure 1---figure supplement 5B--C](#fig1s5){ref-type="fig"}), where it is ideally positioned to regulate synaptic release in *C. elegans*. Since the presynaptic localization of synaptic vesicle proteins such as RAB-3, but not some active zone proteins like ELKS-1, depends on the kinesin-3 motor, UNC-104 ([@bib14]; [@bib38]), we examined whether EFHC-1 also requires UNC-104 for its synaptic localization in CEP neurons. While RAB-3 localization is abrogated in *unc-104* mutants, accumulating in cell bodies and diffusing to dendrites/axons of CEP neurons, UNC-104 is dispensable for both ELKS-1 and EFHC-1 localization (and consequently their partial colocalization pattern) to presynaptic regions ([Figure 1---figure supplement 5A--C](#fig1s5){ref-type="fig"}). The presence of EFHC-1 at both the cilium and presynaptic regions of dopaminergic neurons suggests that it may play important roles in both sensation and regulation of neuronal output.

EFHC-1 influences habituation to a mechanical stimulus by modulating dopamine signaling {#s2-2}
---------------------------------------------------------------------------------------

We first investigated a possible role for EFHC-1 in dopamine signaling. In the presence of food, ciliary TRP-4 channels (orthologous to TRPN/NOMPC) are mechanically activated, resulting in the release of dopamine that modulates several behaviors through dopamine receptors (DOP-1, DOP-3 and DOP-4) on various postsynaptic/target cells ([@bib5]; [@bib20]; [@bib47]) ([Figure 2A](#fig2){ref-type="fig"}). One such behavior is the basal slowing response, where wild-type animals slow in the presence of food. Disrupting tyrosine hydroxylase, CAT-2, a rate-limiting enzyme for dopamine synthesis, impairs dopamine signaling and prevents slowing in the presence of food ([@bib48]) ([Figure 2A](#fig2){ref-type="fig"}). In contrast, loss-of-function *efhc-1(gk424336)* mutants are able to slow in the presence of food ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}), suggesting that they can release dopamine in the presence of food. Given that EFHC-1 also localizes to the distal regions of male dopaminergic neurons that are required for the coordination of locomotory events that enable male mating behvaiours ([@bib10]), we assessed if *efhc-1* mutants are able to release dopamine to facilitate male mating. As expected, while *cat-2* mutant males show reduced mating potency due to impaired dopamine signaling, *efhc-1* mutant males show mating potency similar to wild-type animals ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}). Together, these results show that *efhc-1* mutants are able to release dopamine in appropriate behavioural contexts.

![EFHC-1 influences habituation to a mechanical stimulus by modulating dopamine signaling.\
(**A**) The molecular components of dopamine signaling in *C. elegans.* Food (bacteria) mechanically stimulates the ciliated dopaminergic neurons (dark pink), resulting in the release of dopamine that modulates several behaviors through dopamine receptors on various postsynaptic/target cells (blue). (**B**) In the presence of food, *efhc-1* mutants habituate slower than wild-type animals, and similar to *dat-1* mutants that have increased dopamine signaling (DA: dopamine). At each tap, the points represent the number of worms reversing over the total number of worms tracked per strain, and the error bars represent the binomial confidence intervals. Binomial logistic regression followed by Tukey's HSD (honest significant difference) test was used to determine significance of the habituated level (proportion reversing at tap 30) for each pair of strains. All strains are statistically different from each other (p \< 0.001). (**C**) A second allele of *efhc-1, tm6235,* also leads to a slow habituation phenotype that is statistically different from wild-type (p \< 0.001). All strains are statistically different from each other (p \< 0.001). (**D**) The habituation phenotype seen in *efhc-1* mutants is abolished in *efhc-1;cat-2* double mutants, suggesting that the slow habituation phenotype of *efhc-1* mutants depends on dopamine. All strains are statistically different from each other (p \< 0.001) except for *cat-2* and *efhc-1;cat-2* (p = 0.69). (**E**) *efhc-1* mutants also show defects in the dopamine-dependent swimming-induced paralysis phenotype, with an intermediate level of paralysis after 10 min compared to wild-type and *dat-1* mutants. Each bar represents the number of worms swimming after 10 min over the total number of worms per strain, and the error bars represent the binomial confidence intervals (n = 160 for each strain). Binomial logistic regression followed by Tukey's HSD (honest significant difference) test was used to determine significance for each pair of strains. All strains are statistically different from each other except for the two *efhc-1* strains (ns = not significant, p = 0.115). For sample sizes (n) for tap habituation experiments and complete statistical comparisons (p values) see [Supplementary files 1](#supp1){ref-type="supplementary-material"} and [2](#supp2){ref-type="supplementary-material"}, respectively.](elife-37271-fig2){#fig2}

To investigate the possibility that dopamine signaling may be increased in *efhc-1* mutants, we assessed their behavior in tap habituation, a form of non-associative learning and memory ([@bib42]) modulated by dopamine ([@bib31]; [@bib47]). When animals experience a non-localized mechanical stimulus (tap), the touch receptor neurons are stimulated, and worms execute an escape response most often seen as reversals ([@bib42]) ([Figure 2---figure supplement 2A](#fig2s2){ref-type="fig"}). The proportion of animals responding with a reversal decreases with repeated taps ([@bib42]), and dopamine modulates this habituation ([@bib31]; [@bib47]). Decreased dopamine signaling in *cat-2* mutants results in fast habituation, while increased dopamine signaling in mutants that lack the dopamine re-uptake transporter DAT-1 results in slow habituation ([@bib31]; [@bib47]) ([Figure 2B](#fig2){ref-type="fig"}). Habituation in *efhc-1* mutants closely resembles that of *dat-1* mutants, suggesting that abrogating EFHC-1 increases dopamine signaling ([Figure 2B](#fig2){ref-type="fig"}). A second *efhc-1* allele (*tm6235*) lacking most of the gene also presents a slow habituation phenotype ([Figure 2C](#fig2){ref-type="fig"}), confirming that slow habituation is a result of EFHC-1 dysfunction. Furthermore, introducing the *cat-2* mutation into the *efhc-1* genetic background abolishes the slow habituation phenotype, resulting in fast habituation indistinguishable from *cat-2* ([Figure 2D](#fig2){ref-type="fig"}). This indicates that the slow habituation phenotype in *efhc-1* mutant animals requires (stems from) increased dopamine signaling.

To further investigate the dopamine signaling defect in *efhc-1* mutants, we analysed their behavior in the absence of food, and found that they again show slow habituation compared to wild-type animals ([Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}). Interestingly, *efhc-1* mutants off food mimic the habituation phenotype of wild-type animals on food, while *dat-1* mutants habituate slightly slower than *efhc-1* mutants off food [Figure 2---figure supplement 2C](#fig2s2){ref-type="fig"}). This suggests that although both mutants increase dopamine signaling, they likely do so in different ways, and to different extents. We further confirm this possibility by exploiting the dopamine-dependent swimming-induced paralysis (SWIP) phenotype seen in *dat-1* mutants, which is attributed to excessive dopamine signaling ([@bib37]) ([Figure 2A](#fig2){ref-type="fig"}). Whereas most wild-type animals continue swimming 10 min after being submersed in water, most *dat-1* animals are paralysed ([Figure 2E](#fig2){ref-type="fig"}), exhibiting an average thrashing frequency consistently lower than wild-type animals ([Figure 2---figure supplement 2D](#fig2s2){ref-type="fig"}). In this assay, both *efhc-1* alleles show intermediate levels of paralysis at 10 min compared to wild-type and *dat-1* mutants ([Figure 2E](#fig2){ref-type="fig"}), and corresponding intermediate thrashing frequencies ([Figure 2---figure supplement 2D](#fig2s2){ref-type="fig"}). Together, our data are consistent with *efhc-1* mutants having increased dopamine signaling compared to wild-type animals, but less than *dat-1* mutants.

EFHC-1, similar to TRP-4, is required for mechanosensation in non-motile CEP cilia {#s2-3}
----------------------------------------------------------------------------------

A possible explanation for the increased dopamine signaling in *efhc-1* mutants is increased ciliary activation, even in the absence of food. To directly interrogate mechanosensory activation in *efhc-1* mutants, we used a genetically-encoded calcium indicator (cameleon) specifically expressed in dopaminergic neurons ([@bib31]). Two different mechanical stimuli to the nose were applied using a glass probe: a gentle stimulus consisting of vibrations to the nose for 3.7 s, expected to mimic the presence of food (buzz), and a stronger stimulus of a firm press to the nose for 1 s (press) ([@bib31]). Wild-type animals show a calcium response to each stimulus \~50% of the time, as measured by a change in the YFP/CFP ratio ([Figure 3A](#fig3){ref-type="fig"}). In contrast, *efhc-1(gk424336)* mutants rarely respond upon gentle stimulation but respond at wild-type levels to the stronger stimulation ([Figure 3A](#fig3){ref-type="fig"}). Interestingly, when *efhc-1* mutants do exhibit calcium responses to either stimulus, they are of a comparable amplitude and shape as wild-type responses ([Figure 3B](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). This behavior is remarkably similar to that seen in animals lacking the cilium-localized mechanosensitive TRP-4 channel, which is required for food sensation ([@bib28]; [@bib31]). This suggests that like TRP-4, EFHC-1 has a specific role in mediating the likelihood of mechanosensory transduction upon gentle stimulation, as seen when an animal encounters food. In contrast, mechanosensory transduction in non-dopaminergic OLQ neurons is not impaired in *efhc-1* mutants and OLQ-mediated foraging behaviors are similarly unaffected ([Figure 3---figure supplement 2A--E](#fig3s2){ref-type="fig"}). This implies a specific mechanosensory function for EFHC-1 in CEP dopaminergic neurons.

![EFHC-1, similar to TRP-4, is required for mechanosensation in non-motile CEP cilia.\
(**A**) Loss of EFHC-1 or TRP-4 impairs activation of CEP neurons upon gentle mechanical stimulation (buzz), resulting in fewer animals responding to the stimulus compared to wild-type animals. In contrast, *efhc-1* or *trp-4* mutants can respond to stronger stimulation (press). In this panel, n represents the total number of animals assessed. Each bar represents the number of worms responding to mechanical stimulation over the total number of worms assessed per strain, and the error bars represent the binomial confidence intervals. Binomial logistic regression followed by Tukey's HSD (honest significant difference) test was used to determine significance for each pair of strains. Differences between all strains subjected to the press stimulus are not significant, but differences between wild-type and *efhc-1* (p \< 0.01) or *trp-4* (p \< 0.05) mutants subjected to the buzz stimulus are significant. (**B**) The peak ratio change (%), representing the amplitude of the neuronal response, is similar between strains for animals responding to each stimulus. In this panel, n represents the number of animals responding to the stimulus over the total number of animals assessed. (**C**) The axonemal structure of CEP neurons by TEM cross-section (refer to schematic) is not abrogated in *efhc-1* mutants. Scale bars, 100 nm. (**D**) The localization of the mechanosensory channel, TRP-4, which is comparable to that of EFHC-1, is unaffected in *efhc-1* mutants. Lengths of CEP and OLQ cilia measured in *trp-4* and *trp-4;efhc-1* mutants are indistinguishable. Each dot represents one cilium. Kruskal-Wallis rank sum test (CEP cilia lengths) and Tukey\'s Honest Significant Differences (OLQ cilia lengths) were used for calculating the statistical significance. ns, not significant. Scale bar, 3 μm. For complete statistical comparisons (p values) see [Supplementary file 2](#supp2){ref-type="supplementary-material"}.](elife-37271-fig3){#fig3}

Given the hypothesis that EFHC-1 helps to anchor, position, and/or regulate ciliary proteins along the ciliary axoneme in motile cilia, it is possible that it has been adapted in non-motile cilia to anchor sensory proteins such as TRP-4. We first confirmed by transmission electron microscopy (TEM) that \'conventional\' cilia not harboring EFHC-1::GFP (as determined by our localization analyses) are structurally normal in *efhc-1* mutants, displaying nine outer doublet microtubules that become singlets in more distal regions ([Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}). Notably, EFHC-1-containing CEP and OLQ cilia---which have supernumerary singlet microtubules interspersed with tubule-associated material or unique arrangement of doublets in their distal regions, respectively--- also appear structurally normal in *efhc-1* mutants ([Figure 3C](#fig3){ref-type="fig"} and [Figure 3---figure supplement 2F](#fig3s2){ref-type="fig"}). Hence, EFHC-1 does not play an essential role in specifying, or maintaining, non-motile cilia ultrastructure in this metazoan. Furthermore, TRP-4::YFP localization along the axoneme of CEP cilia is retained in *efhc-1* mutants ([Figure 3D](#fig3){ref-type="fig"}), suggesting that in the absence of EFHC-1, ciliary localization of TRP-4 still occurs, but its function might be perturbed. For example, EFHC-1 may be required for regulating TRP-4 activity, or anchoring/regulating other signaling molecules required for mechanosensory transduction.

EFHC-1-mediated regulation of dopamine signaling occurs, in part, downstream of cilia {#s2-4}
-------------------------------------------------------------------------------------

Given that mechanical activation by food is required for dopamine release and that EFHC-1 is required for efficient mechanosensation, *efhc-1* mutants were expected to show phenotypes consistent with decreased dopamine signaling. However, the increased dopamine signaling in *efhc-1* mutants suggests that EFHC-1 may regulate dopamine release at the synapse, independent of its role in ciliary-based signal transduction. Specifically, while loss of EFHC-1 function at the cilium reduces the likelihood of mechanical activation by food, its loss at the synapse may stimulate the release of dopamine in the absence of mechanosensory stimuli and/or amplify infrequent mechanosensory stimuli. We first confirmed that synaptic regions are intact in *efhc-1* mutants ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). Next, we asked if the fast habituation seen in *trp-4* mutants, due to an inability to mechanically sense bacteria at the cilium and subsequently release dopamine ([Figure 2A](#fig2){ref-type="fig"}) ([@bib31]), is affected by loss of EFHC-1 function. Interestingly, *efhc-1;trp-4* double mutants show slower habituation than *trp-4* mutants ([Figure 4A](#fig4){ref-type="fig"}), consistent with a rise in dopamine signaling independent of ciliary TRP-4-associated mechanosensation. In other words, loss of EFHC-1 function at the synapse may inappropriately stimulate dopamine release in the absence of TRP-4-mediated mechanosensation.

![EFHC-1-mediated regulation of dopamine signaling occurs, in part, downstream of cilia.\
(**A**) Double mutants of *efhc-1* and *trp-4* show intermediate habituation compared to the *trp-4* and *efhc-1* single mutants. At each tap, the points represent the number of worms reversing over the total number of worms tracked per strain, and the error bars represent the binomial confidence intervals. Binomial logistic regression followed by Tukey's HSD (honest significant difference) test was used to determine significance of the habituated level (proportion reversing at tap 30) for each pair of strains. All strains are statistically different from each other (p \< 0.001). (**B**) *efhc-1* mutants with absent cilia due to a *daf-19* mutation show intermediate habituation compared to *daf-19* and *efhc-1* single mutants. All strains are statistically different from each other (p \< 0.001). (**C**) An *unc-2(gain-of-function)* mutation driven in EFHC-1-expressing cells shows slow habituation compared to wild-type animals, but faster habituation compared to animals with the *unc-2(gain-of-function)* mutation expressed throughout. Furthermore, *efhc-1* mutants with the addition of an *unc-2(gain-of-function)* mutation driven in EFHC-1-expressing cells does not exacerbate the habituation phenotype. All strains are statistically different from each other (p \< 0.001). For sample sizes (n) for tap habituation experiments and complete statistical comparisons (p values) see [Supplementary files 1](#supp1){ref-type="supplementary-material"} and [2](#supp2){ref-type="supplementary-material"}, respectively. [](#supp2){ref-type="supplementary-material"}](elife-37271-fig4){#fig4}

To confirm that EFHC-1 functions downstream of cilia, likely at the synapse, to modulate dopamine signaling, *efhc-1* was combined with a *daf-19* mutant lacking cilia in many sensory neurons, including dopaminergic neurons (*daf-19* encodes a transcription factor required for the expression of many ciliary genes, but not *efhc-1* - see [Figure 1---figure supplement 4E](#fig1s4){ref-type="fig"}). Interestingly, *daf-19* mutants respond weakly to tap stimuli and habituate rapidly, likely due to loss or misregulation of many cilium-dependent sensory inputs required to fine-tune mechanosensation and habituation; notably, this phenotype is similar to the loss of TRP-4, which requires cilia to function ([Figure 4B](#fig4){ref-type="fig"}). In contrast, the *efhc-1;daf-19* double mutants show responsiveness and habituation phenotypes that are intermediate between the *daf-19* and *efhc-1* single mutants ([Figure 4B](#fig4){ref-type="fig"}), again suggesting that the loss of EFHC-1 results in increased dopamine signaling downstream of ciliary function. These data, together with the localization of EFHC-1 at synaptic regions, are consistent with EFHC-1 preventing spontaneous release of dopamine at synapses in the absence of mechanical stimulation by food.

The release of dopamine at the synapse requires the activation of voltage-gated calcium channels at presynaptic termini, which allows for calcium influx and subsequent dopamine-bearing vesicle fusion ([Figure 2A](#fig2){ref-type="fig"}). In humans, EFHC1 physically interacts with and modulates the alpha subunit of the R-type voltage-gated calcium channel ([@bib52]), which is most closely related to UNC-2 in *C. elegans*. We therefore hypothesized that EFHC-1 prevents spontaneous activity of UNC-2 in *C. elegans* dopaminergic neurons, such that loss of *efhc-1* would stimulate UNC-2 activity even in the absence of mechanosensation at the cilium and result in increased dopamine release. Since *unc-2* mutants are uncoordinated and cannot be tested for habituation defects, we took advantage of a gain-of-function (gf) allele that shows slow habituation compared to both wild-type animals and *efhc-1* mutants ([Figure 4C](#fig4){ref-type="fig"}). Also, because *unc-2* expression is found in many neurons apart from the dopaminergic neurons that may modulate tap habituation, a construct was made with UNC-2(gf) under the control of the *efhc-1* promoter. Remarkably, expressing overactive UNC-2 specifically in *efhc-1-*expressing cells results in a slow habituation phenotype similar (but not identical) to that seen in *efhc-1* mutants; crossing the UNC-2(gf) construct into *efhc-1* mutants did not result in slower habituation, but instead leads to habituation similar to that seen in animals with UNC-2(gf) specifically in *efhc-1-*expressing cells ([Figure 4C](#fig4){ref-type="fig"}). Similarly, these trends were replicated in SWIP assays ([Figure 2---figure supplement 2E](#fig2s2){ref-type="fig"}). Our findings therefore provide evidence that independent of its sensory/activation role at the cilium, EFHC-1 may negatively regulate UNC-2, such that loss of EFHC-1 results in maximum activation of the voltage-gated channel at the synapse.

Discussion {#s3}
==========

Although the cilia of multicellular organisms are typically classified as either motile or non-motile, unicellular organisms possess one or more cilia responsible for both producing movement and responding to mechanosensory cues to modulate movement ([Figure 5](#fig5){ref-type="fig"}). Despite an established role for EFHC1 in ciliary motility ([@bib9]; [@bib53]; [@bib54]), its disruption has no effect on ciliary structure ([@bib54]), raising the possibility that it plays a role in regulating motility---for example in the mechanosensory feedback required to support normal ciliary motility. Our work in a representative eumetazoan (*C. elegans*) that lacks motile cilia supports this idea, where EFHC-1 has been adapted to function in a specific class of non-motile ciliated mechanosensory cells, the dopaminergic neurons (see model in [Figure 5](#fig5){ref-type="fig"}), where it is required for mechanosensation and proper dopamine signaling, yet dispensable for non-motile ciliary structure.

![Proposed evolutionary model for the exaptation of EFHC1 motility-associated ciliary functions in non-motile cilia and synapses.\
The role of EFHC1 in extant protists (and probably the ancestral eukaryote) is likely to regulate ciliary motility ([@bib24]), potentially by acting as a mechanosensor together with a TRP family (or other) calcium channel. In metazoans, this function was retained for motile cilia ([@bib54]), and adapted for mechanosensation and potentially other signaling roles in non-motile cilia. EFHC1 evolved in *C. elegans*, and potentially other neuron-bearing eumetazoans, to also regulate synaptic transmission. In *C. elegans*, the combined functions for EFHC-1 at cilia (mechanosensory input) and at the synapse (output) help to regulate neuronal excitability and dopamine signaling, both of which may be relevant to epilepsy in human patients with mutations in *EFHC1*. Motile and non-motile cilia are shown in red and orange, and synapses in green.](elife-37271-fig5){#fig5}

Our findings suggest that EFHC1, by being an integral part of the ciliary axoneme and by potentially modulating TRP (or other types of) mechanosensitive calcium channels ([@bib30]) may have adapted its mechanosensation role from motile cilia (*e.g.*, for environmental sensing and/or internal sensation and regulation of motile cilium movement) to a strictly sensory role in non-motile cilia. We also find that in *C. elegans*, EFHC-1 functions at the synapses of dopaminergic neurons ([Figure 5](#fig5){ref-type="fig"}). Importantly, this role is also likely related to the modulation of a calcium channel, namely UNC-2, that localizes to presynaptic active zones of sensory neurons ([@bib45]), where it may play an important role in evoked neurotransmitter release ([@bib36]; [@bib43]; [@bib49]). Together, our results make strides to reconcile the association of a non-ion channel protein with epilepsy by suggesting a possible role for EFHC-1 in modulating ion channels to fine-tune neuronal excitation/transmission both at the cilium, the site for sensory input (mechanosensation), and at the synapse, the site for sensory output that regulates the amount of neurotransmitter released.

Previous work has identified EFHC1 at both ciliary ([@bib9]; [@bib24]; [@bib25]; [@bib53]; [@bib54]) and synaptic ([@bib44]) regions, yet proposed functions at either location have only been considered separately. Our work in *C. elegans* provides a unique perspective given that EFHC-1-containing cells harbor both ciliary and synaptic regions, thus raising the intriguing possibility of differential trafficking to these two distinct locations within single cells. We show that EFHC-1's ciliary localization is independent of UNC-101 and synaptic localization is independent of UNC-104, indicating that EFHC-1's unique localization pattern does not rely on these known active transport mechanisms. While it is possible that EFHC-1's localization pattern is dictated by other transport mechanisms, it could also result from diffusion of EFHC-1 throughout cells, followed by ciliary/synaptic retention through interactions with cytoskeletal arrangements, or specific proteins, unique to each location that enable scaffolding (*e.g.*, microtubule-associated proteins for ciliary localization \[[@bib25]\] and actin-associated proteins for synaptic localization \[[@bib57]\]). These possibilities warrant further attention to help better understand EFHC-1's mechanism of action at each site.

By identifying an epilepsy-related protein that directly modulates dopamine signaling in *C. elegans*, our work helps to strengthen the potential link between dopamine signaling and epilepsy, where evidence is accumulating to suggest that inappropriate regulation of dopamine signaling may contribute to various forms of epilepsy ([@bib3]). A role for dopamine is particularly relevant in JME because patients also display several deficits in cognitive functions influenced by dopamine, such as behavioral disturbances, social integration problems, impaired executive functions, reduced cognitive speed and impaired working memory ([@bib1]; [@bib17]; [@bib27]; [@bib40]; [@bib55]). Interrogation of the dopaminergic system in JME patients has revealed that dopamine signaling is indeed dysregulated in JME patients ([@bib6]; [@bib7]; [@bib39]). In combination with our work, this suggests that dopamine may play a role in the onset of seizures and/or cognitive impairments associated with JME.

In conclusion, we propose that our discovery of a dual ciliary (sensory input) - synapse (neuronal output) mechanism that regulates neuronal activity may not only apply to *C. elegans* dopaminergic neurons, but could be relevant to mammalian brain neurons as well, which have non-motile cilia. Indeed, dopamine receptors (DRD1, 2, 5) themselves are found on cilia, as are numerous other receptors, including for serotonin, Melanin-concentrating hormone, somatostatin, galanin, and neuropeptide (FF/YY) ([@bib23]). In such neurons (and others), cilia may modulate neuronal excitation thresholds and thus play important roles in collectively influencing behavior, energy homeostasis and other aspects of mammalian physiology. More generally, our work supports the notion that the relationship between sensory structures and synapses ([@bib28]) represents an important biological phenomenon that deserves further attention.

Materials and methods {#s4}
=====================

Strains {#s4-1}
-------

All strains were grown and cultured according to standard procedures on nematode growth medium (NGM) plates with OP50 bacteria as a food source. The *efhc-1(gk424336)* mutant strain with a nonsense mutation approximately halfway through the gene was obtained from the Million Mutation Project (MMP) collection, and the *efhc-1(tm6235)* mutant strain with an in-frame deletion of exons 3--7 was obtained from the Mitani lab. Both mutant strains were backcrossed six times before being used in experiments or crosses (MX1661 *efhc-1(gk424336)* (6X), MX1977 *efhc-1(tm6235)* (6X)). The wild-type strain used in all experiments was the N2 Bristol strain obtained from the Caenorhabditis Genetics Center (CGC). Other strains used were as follows: MX081 *N2;nxEx\[Y49A10A.1::gfp +xbx-1::tdTomato +rol-6(su1006)\]*; CB1112 *cat-2(e1112)*; RM2702 *dat-1(ok157)*; AQ2044 *ljIs103\[Pcat-1::YCD3\]*; AQ2815 *trp-4(gk341);ljIs103\[Pcat-1::YCD3\]*; AQ2829 *ljEx421\[Pocr-4::YC3.60 codon optimized\]*; VC818 *trp-4(gk341)*; TQ420 *trp-4(sy695);xuEx542\[trp-4::yfp +Podr-1::rfp\]*; DR86 *daf-19(m86);* OW47 *unc-2(zf35)*; CX3877 *lin-15(n765);kyIs156\[str-1p::odr-10::gfp +lin-15(+)\].*

The following strains were created in this work: MX79 *nxEx279\[pefhc-1::efhc-1::gfp +Posm-5::xbx-1::tdTomato +rol-6(su1006)\]*; MX1971 *efhc-1(gk424336); nxEx\[pefhc-1::efhc-1 (217--447)::gfp +ccgfp\]*; MX2192 *efhc-1(gk424336); nxEx\[pefhc-1:: efhc-1 (1--216)::GFP +Posm-5::xbx-1::tdTomato +ccgfp\]*; MX2195 nx*Ex\[pefhc-1::efhc-1::gfp +pefhc-1::xbx-1::tdtomato +cc::gfp*\]; MX2194 *N2;nxEx\[snb-1::tdtomato +Y49A10A.1::gfp +cc::gfp\]*; MX2132 *efhc-1(gk424336);cat-2(e1112)*; MX2403 *efhc-1(gk424336);ljIs103\[Pcat-1::YCD3\]*; MX2317 *efhc-1(gk424336);trp-4(sy695);xuEx542\[trp-4::yfp +Podr-1::rfp\];* MX2129 *efhc-1(gk424336);trp-4(gk341)*; MX2316 *efhc-1(gk424336);daf-19(m86)*; MX1973 daf-19(m86) II;daf-12(sa204);nxEx\[*efhc-1::gfp +cc::gfp*\]; MX2185 *dpy-5(e907);nxEx\[pefhc-1::unc-2(zf35) +cc::gfp +dpy-5(+)\]*; MX2341 *efhc-1(gk424336);dpy-5(e907);nxEx\[pefhc-1::unc-2(zf35) +cc::gfp +dpy-5(+)\]*; MX2317 *efhc-1(gk424336);trp-4(sy695);xuEx542\[trp-4::yfp +Podr-1::rfp\]*; MX2137 *efhc-1(gk424336);ljEx421\[Pocr-4::YC3.60 codon optimized\].* MX2724 *efhc-1(nx163\[efhc-1::gfp::3xflag\])X*; MX2727 *N2;egIs1\[pdat-1::gfp\];nxEx2714\[Pdat-1::elks-1::tdtomato +rol-6(su1006)\]*; MX2726 *efhc-1(gk424336);egIs1\[pdat-1::gfp\];nxEx2714\[Pdat-1::elks-1::tdtomato +rol-6(su1006)\]*; MX2742 *efhc-1(nx163\[efhc-1::gfp::3xflag\])X; nxEx2714\[Pdat-1::elks-1::tdtomato +rol-6(su1006)\]*; MX2754 *efhc-1(nx163\[efhc-1::gfp::3xflag\])X; nxEx2754\[Pdat-1::elks-1::tdTomato +rol-6(su1006)\]*; MX2769 *efhc-1(nx163\[efhc-1::gfp::3xflag\])X; nxEx2769 \[Pdat-1::mcherry::rab-3+rol-6(su1006)\]*; MX2904 *unc-104(e1265); efhc-1(nx163\[efhc-1::gfp::3xFlag\])X;nxEx2769\[Pdat-1::mCherry::rab-3+rol-6(su1006)\];* MX2905 *unc-104(e1265); efhc-1(nx163\[efhc-1::gfp::3xFlag\])X; nxEx2754\[Pdat-1::ELKS-1::tdTomato +rol-6(su1006)\]*; MX2908 *unc-101(m1); efhc-1(nx163\[efhc-1::gfp::3xFlag\])X; nxEx2769\[Pdat-1::mCherry::rab-3+rol-6(su1006)\]*; MX2909 *unc-101(m1); lin-15(n765); kyIs156\[str-1p::odr-10::gfp +lin-15(+)\]*

Generation and visualisation of transgenic animals {#s4-2}
--------------------------------------------------

### Generation of fusion constucts {#s4-2-1}

Both the pefhc-1::XBX-1::tdTomato and pefhc-1::SNB-1::tdTomato constructs were created using 2036 bp of *efhc-1*'s endogenous upstream promoter fused to all the exons/introns of *xbx-1* or *snb-1* and then fused in-frame to tdTomato. The pefhc-1::unc-2(gf) construct was again created using 2036 bp of *efhc-1*'s endogenous upstream promoter fused to the cDNA of *unc-2* with a gain-of-function mutation and a synthetic intron. To construct the presynaptic markers, *mcherry::rab-3::unc-10* 3' UTR was cloned from a plasmid (kindly provided by the Mizumoto lab), and *elks-1* was amplified from genomic DNA and stitched to the tdTomato::unc-54 3' UTR. Both amplified PCR fragments were stitched to the *dat-1* promoter (\~700 bp) to drive expression in the dopaminergic neurons (CEP, ADE and PDE).

### Generation of an efhc-1::gfp knock-in strain {#s4-2-2}

The *unc-119* guide RNA sequence in p*U6::unc-119* sgRNA vector (Addgene \#46169) was replaced with the predicted *efhc-1* CRISPR guide RNA sequence (5'- GTACAGTCTAGTGGAGAGA-3'), which is present in exon 10 of *efhc-1* using site-directed mutagenesis technique (<http://crispr.mit.edu/>) ([@bib21]). The donor template for the C-terminal GFP knock-in was prepared from pDD282 (Addgene \#66823) ([@bib18]). The pDD282 was digested with SpeI and AvrII to remove *ccdB* markers and mixed with upstream and downstream homology (500 \~ 650 bp) arms for *efhc-1*. The donor plasmid was cloned using Gibson Assembly. The GFP donor template plasmid contains T434T silent mutation in PAM site. The mixture (50 ng/μl coel::RFP (Addgene \#8938), 50 ng/μl pCAS9 (Addgene \#46168), 50 ng/μl *efhc-1* sgRNA, and 50 ng/μl donor template) was injected into 30 adult worms. F1 worms were screened using 250 μg/ml hygromycin solution followed by picking 100% roller F2. A self-excising drug selection cassette (SEC), which contains *sqt-1*, *hs::Cre*, and *hygR*, was removed by heat shock at 34°C for 4 hr. This worm strain was confirmed by Sanger DNA sequencing.

### Visualization of transgenic animals {#s4-2-3}

Fluorescently-tagged proteins were visualized by first immobilizing animals using 0.5 μl of 10 mM levamisole and 0.5 μL of 0.1 μm diameter polystyrene microspheres (Polysciences 00876--15, 2.5% w/v suspension) on 5% agarose pads. Z-stack images were collected using a spinning disc confocal microscope (WaveFX; Quorum Technologies), a Hammamatsu 9100 EMCCD camera and Volocity software (PerkinElmer). Fluorescence recovery after photobleaching (FRAP) assay was performed using LSM880 laser scanning microscope with Airyscan and ZEN 2.3 software. Thresholded Pearson's correlation coefficients for the colocalization of EFHC-1::GFP and ELKS-1::tdTomato in CEP axons were calculated using Volocity 6.3 software.

Mating efficiency test {#s4-3}
----------------------

An OP50 culture was grown at 37°C for 16 hr. To make mating plates, 20 μl of the culture was pipetted onto an NGM agar plate and the seeded plates were incubated at 25°C for 20 hr. One heat-shock generated homozygous L4 stage male (wild-type or mutant) and one L4 stage wild-type hermaphrodite were placed onto the bacterial lawn of the mating plate. All mating plates were incubated at 20°C for 4 days. The plates containing male progeny were counted as successful matings.

Behavioral analyses {#s4-4}
-------------------

All behavioral analyses were conducted on at least two separate days to account for day-to-day differences.

### Tap habituation {#s4-4-1}

Worms were age synchronized by allowing five gravid adults to lay eggs for 3--4 hr on individual NGM plates seeded with *E. coli* OP50 bacteria and testing the worms after 4 days. At least one hour before testing, 20--30 worms were transferred to fresh NGM plates, with or without food. Plates with food were seeded with 50 μL of liquid culture OP50 bacteria in lysogeny broth (LB) 24 hr beforehand, while plates without food were seeded with 50 μL LB. Plates with worms were then placed into the Multi-Worm Tracker (MWT), and after a 300 or 600 s acclimatization period, 30 taps were administered to the side of the plate using a solenoid tapper at 10 s interstimulus intervals (ISI) \[31\]. The script used for tap habituation analysis is available at [@bib35] (copy archived at <https://github.com/elifesciences-publications/dopamine_habituation>). All experiments were done at 20°C, and in most experiments strains were cultured at 20°C. In the habituation experiment involving *daf-19(m86)*, all strains were cultured at 15°C for four days then moved to 20°C for two days to enrich for non-dauer worms in *daf-19* and *daf-19;efhc-1* worms. The script for analysis is available at: <https://github.com/cloucks/dopamine_habituation>). Experiments from individual days were only included if at least 80% of wild-type animals responded to the initial tap, indicating that laboratory conditions (temperature, age and humidity) were appropriate for the subsequent analyses. Given that the MWT does not track every animal on a plate at a given time, minimum sample sizes for a single tap in a given experiment are presented in [Supplementary file 1](#supp1){ref-type="supplementary-material"}.

### Swimming-induced paralysis (SWIP) {#s4-4-2}

Worms were age synchronized by allowing 10 gravid adults to lay eggs for 3 hr on individual NGM plates seeded with OP50 bacteria. L4 worms were tested after 2 days at 20°C. Two different SWIP assays were performed: one manual and one automated. For both assays, ten L4 animals were placed in 30 μL of tap water in a single well of a Pyrex Spot Plate (Fisher). For the manual assay, animals were assessed for paralysis at 10 min, defined as no C-shaped bends for at least 5 s. For the automated assay, the plate was analysed using the Multi-worm tracker (MWT) to assess thrashing frequency of animals over 11 min (script available at: <https://github.com/cloucks/dopamine_swimming>).

### Basal slowing response {#s4-4-3}

Worms were age synchronized by allowing five gravid adults to lay eggs for 3--4 hr on individual NGM plates seeded with OP50 bacteria and testing the worms after 3 days. On the day of testing, worms were washed off their individual plates with M9 buffer and transferred to individual NGM with or without food. Plates with food were seeded with 100 µL HB101 24 hr beforehand, while plates without food were seeded with 100 μL LB. Plates with worms were then placed into the Multi-Worm Tracker (MWT) ([@bib56]) for 600 s. Body bends were counted for animals persisting from 60 to 120 s.

### Suppression of foraging {#s4-4-4}

Suppression of foraging was performed as described previously ([@bib32]; [@bib34]).

### Single worm tracking behavioral assessment {#s4-4-5}

Single-worm tracking was performed as described previously ([@bib34]; [@bib59]).

Calcium imaging of CEP and OLQ neurons {#s4-5}
--------------------------------------

Calcium imaging of nose touch stimulation of glued animals was performed using identical protocols to our previous work ([@bib34]), which was essentially as described previously, using a 1 s 'press' or 3.7 s 'buzz' stimulus ([@bib31]; [@bib32]). Images were recorded at 10 Hz using an iXon EM camera (Andor Technology), captured using IQ1.9 software (Andor Technology) and analysed using a Matlab (MathWorks) program custom written by Ithai Rabinowitch. A rectangular region of interest (ROI) was drawn around the cell body and for every frame the ROI was shifted according to the new position of the centre of mass. Fluorescence intensity, F, was computed as the difference between the sum of pixel intensities and the faintest 10% pixels (background) within the ROI. Fluorescence ratio R = Fyellow/Fcyan (after correcting for bleed through) was used for computing ratio change, expressed as a percentage of R0 (the average R within the first 3 s of recording) ([@bib41]).

Transmission electron microscopy (TEM) {#s4-6}
--------------------------------------

Day one adult worms were fixed (glutaraldehyde), embedded, serial sectioned and imaged as previously described ([@bib46]). The one exception is the wild type image in [Figure 3C](#fig3){ref-type="fig"}, which was obtained from sections of adult day one worms fixed and embedded using high pressure freezing (Leica EMPACT2) and freeze substititution (FS), as previously described ([@bib8]). The FS step was performed using a solid metal block placed at −75°C for 48 hr, followed by −20°C for 24 hr, and then room temperature for 3 hr.

Statistical tests {#s4-7}
-----------------

Logistic regression was used for the statistical analyses performed because the dependent variables (proportion reversing to tap, proportion swimming and proportion responding) are not continuous but instead represent binary outcomes (e.g. reversing or not reversing). Futhermore, our data meet the assumptions required for logistic regression, including the independence of sample outcomes, an absence of strongly influential outliers and a sufficient number of recorded events ([@bib50]). Sample sizes for each behavioral assay were chosen to be either equal to or greater than sample sizes reported in the literature that were sufficient to detect biologically relevant differences.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"EFHC1, implicated in juvenile myoclonic epilepsy, functions at the cilium and synapse to modulate dopamine signaling\" for consideration by *eLife*. Your article has been reviewed by Gary Westbrook as the Senior Editor, a Reviewing Editor, and two reviewers. The reviewers have opted to remain anonymous. The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The reviewers appreciated the importance of the overall findings but have a number of requests for improvement. The most major issue, crystallized during discussions, is the assessment of active transport to synapses and cilia. For the active synapse transport analysis, we recommend that you use the unc-104 mutant, a commonly used tool to confirm synaptic transport. For cilia transport, we recommend standard live visualization of transport (e.g. in combination with FRAP).

*Reviewer \#1:*

This is an interesting paper describing the role of the protein EFHC1 in mechanosensation in *C. elegans*. The authors show that the protein localizes to dopaminergic neurons in the head of the animal at both the sensory nonmotile cilium and the synapse. The authors describe defects in the EFHC1 mutant that appear to mimic increase dopaminergic transmission. They suggest that this protein acts independently of the main cilium TRP channel that transduces mechanical stimuli, and may act together with a synaptic calcium channel, UNC2.

EFHC1 mutations are associated with human disease, and the biology of cilia is generally not very well understood. Since these organelles are prevalent, any additional studies are of interest. Here, the coupling between cilium and synapses is intriguing. In that respect, the authors should cite highly relevant previous work in this area (e.g. Shaham, 2010).

The paper is clearly written and the conclusions drawn generally justified. The connection to dopamine signaling is convincing. The paper does not quite address what EFHC1 is doing, however. Some obvious possibilities, such as localization of the TRP channel are ruled out. The UNC2 studies are interesting, but physical association and a clear functional relationship are not established, as the authors use an activated UNC2 allele which may have activities not normally seen in the wild type.

In sum- the data in the paper are solid and convincing. However, a mechanism for EFHC1 function is not established.

*Reviewer \#2:*

The manuscript by Loucks et al. characterizes the *C. elegans* ortholog of the ciliary protein EFHC1 that has been linked to Juvenile Myoclonic Epilepsy. Based on its axonal localization, authors argue that EFHC-1 act at this site to modulate dopamine signaling and conclude \"Our findings unveil a previously undescribed dual-regulation of neuronal excitability at sites of neuronal sensory input (cilium) and neuronal output (synapse).\" While it is clear that EFHC-1 modulates harsh touch habituation (as measured by behavioral assays and calcium imaging), I do not think authors data support the assertion that EFHC-1 functions at the synapse and cilium. Figure 1 shows EFHC-1::GFP localization throughout neurons, including cilia, dendrites, and axons and EFHC-1 colocalization with RAB-3 and ELKS^-1^ is not convincing (Supplemental figure 2). However, authors do have the tools to address my major concern. Is EFHC-1 actively transported in dendrites and axons to its site of action? Active transport to axons would be convincing -- diffusion would not.

Does EFHC-1 ciliary vs synaptic localization rely on the same elements? Authors show that EFHC-1(217-417), a construct containing only the second DM10 domain, still localized to cilia. How do EFHC-1 (1-216) and EFHC-1(217-417) look in the rest of the neuron?

Authors show that efhc-1 CEP cilia (by TEM) and synapses (by ELKS^-1^::tdTomato) look normal. The former is convincing, the latter not. How does neuronal architecture look in the efhc-1 mutant (TEM not required, a soluble GFP showing that axonal architecture would suffice).

Figure 3C is really striking. The tubule associated material appears to be surrounded by singlet microtubules. Is there a stereotypical pattern in WT and is this changed at all in efhc-1 mutant? How many cilia were analyzed in WT and efhc-1 animals?

Figure 3D. Authors show TRP-4 localization in WT and efhc-1 cilia and conclude there is no difference. To my eyes, the efhc-1 cilia look longer and TRP-4 more distally located. Please quantitate TRP-4 distribution.

Please provide information on the nature of the efhc-1 alleles.

Figure 1B and Figure 1---figure supplement 1: In the male tail, what is the circular structure outlined by efhc-1::GFP?

Do efhc-1 males display any ray-mediated mating defects?

Figure 2---figure supplement 1: why show amphid channel ultrastructure of efhc-1 mutants if the gene is not expressed in these ciliated cell types? It would be more informative to more carefully analyze CEP and OLQ ultrastructure in efhc-1 animals.

\[Editors' note: the decision after re-review follows.\]

Thank you for submitting your work entitled \"EFHC1, implicated in juvenile myoclonic epilepsy, functions at the cilium and synapse to modulate dopamine signaling\" for consideration by *eLife*. Your revised article has been re-reviewed by two peer reviewers, and the evaluation has been overseen by a Reviewing Editor and a Senior Editor. Our decision has been reached after consultation between the reviewers that is summarized below. Based on these discussions and the individual reviews below, we regret to inform you that your work will not be considered further for publication in *eLife*.

Summary of reviewer discussion:

The authors have done the suggested experiments, but we still don\'t know if EFHC1 is acting in the axon. The negative results are interesting, suggesting that targeting of EFHC1 occurs by some novel mechanism. However, the bottom line is a bit unsatisfying, as we still don\'t know details about the mechanism of localization or function. The colocalization of EFHC-1 and ELKS^-1^ at active zones (which the authors say is better imaged in new Figure 1---figure supplement 5BFigure) is not convincing without seeing yellow puncta and without any quantification. This also puts in question the argument that these active zone proteins don\'t require UNC-104 for location because the data do not provide convincing evidence that EFHC-1 is an active zone protein. Overall, EFHC1 seems to be in the vicinity of synapses, but whether this means anything functionally has not been determined, nor has it been determined the mechanism of differential localization. Without more evidence along these lines, we think the manuscript would be better suited to another journal. We hope that the reviewer comments will be helpful to you.

\[Editors' note: the editors agreed to consider a further resubmission, in which the authors discuss how they interpret the *unc-10/unc-104* results and also provide the requested quantification.\]

10.7554/eLife.37271.025

Author response

> Summary:
>
> The reviewers appreciated the importance of the overall findings but have a number of requests for improvement. The most major issue, crystallized during discussions, is the assessment of active transport to synapses and cilia. For the active synapse transport analysis, we recommend that you use the unc-104 mutant, a commonly used tool to confirm synaptic transport. For cilia transport, we recommend standard live visualization of transport (e.g. in combination with FRAP).

We very much appreciate having been given the opportunity to submit a significantly revised manuscript which includes additional experimental data. In particular, we specifically address with new experiments the question of how EFHC-1 may be transported to synapses, cilia, and within the ciliary organelle.

Below, we present a point-by-point explanation of how we address these and other comments/concerns presented by the referees, some of which involved text changes, improved figures, and added experimental data.

> Reviewer \#1:
>
> This is an interesting paper describing the role of the protein EFHC1 in mechanosensation in C. elegans. The authors show that the protein localizes to dopaminergic neurons in the head of the animal at both the sensory nonmotile cilium and the synapse. The authors describe defects in the EFHC1 mutant that appear to mimic increase dopaminergic transmission. They suggest that this protein acts independently of the main cilium TRP channel that transduces mechanical stimuli, and may act together with a synaptic calcium channel, UNC2.
>
> EFHC1 mutations are associated with human disease, and the biology of cilia is generally not very well understood. Since these organelles are prevalent, any additional studies are of interest. Here, the coupling between cilium and synapses is intriguing. In that respect, the authors should cite highly relevant previous work in this area (e.g. Shaham, 2010).

We thank the reviewer for their overall appreciation of our work and findings. We agree that including a citation to a review that discusses the functional relationship between sensory organs (e.g., cilia) and synapses would be very useful. We now include a sentence explaining this together with the suggested Shaham citation ("Chemosensory organs as models of neuronal synapses") into the Discussion section.

> The paper is clearly written and the conclusions drawn generally justified. The connection to dopamine signaling is convincing. The paper does not quite address what EFHC1 is doing, however. Some obvious possibilities, such as localization of the TRP channel are ruled out. The UNC2 studies are interesting, but physical association and a clear functional relationship are not established, as the authors use an activated UNC2 allele which may have activities not normally seen in the wild type.
>
> In sum- the data in the paper are solid and convincing. However, a mechanism for EFHC1 function is not established.

We appreciate the reviewer's concern that this study does not clearly address the central question of what the function of EFHC1 is at the molecular level. Our manuscript mentions the reported interaction between EFHC1 and the R-type voltage-gated calcium channel. Two complementary approaches based on EFHC1 constructs instead of nonspecific antibodies were used to support the interaction of EFHC1 and Cav2.3

(electrophysiological analyses and co-immunoprecipitation; Suzuki et al., 2003). Our own efforts to carry out pull-down interaction studies in the worm, which is known for not being readily amenable to biochemical analysis, have not been successful. Part of the reason is that cilium-associated proteins such as EFHC1 are only expressed, typically at (very) low levels, in a small subset of cells within the organism (at maximum, 60 of nearly 1000 cells, but lower in this case).

As such, we have resorted to genetic analyses to infer functional interactions between EFHC-1 and UNC-2. We now include truncation analyses of EFHC-1 (Figure 1D) which provide mechanistic insights for how the C-terminal region is sufficient for ciliary localisation; notably, this region contains only one of two poorly-studied DM10 domains found in the protein. While additional mechanistic insights into EFHC1 will be necessary (and this is mentioned in our Discussion section), we hope that on the whole, our discovery of a link between EFHC-1 and dopamine signalling will be of great interest to researchers interested in this protein, cilia, dopamine signalling, epilepsies and synapses.

> Reviewer \#2:
>
> The manuscript by Loucks et al. characterizes the C. elegans ortholog of the ciliary protein EFHC1 that has been linked to Juvenile Myoclonic Epilepsy. Based on its axonal localization, authors argue that EFHC-1 act at this site to modulate dopamine signaling and conclude \"Our findings unveil a previously undescribed dual-regulation of neuronal excitability at sites of neuronal sensory input (cilium) and neuronal output (synapse).\" While it is clear that EFHC-1 modulates harsh touch habituation (as measured by behavioral assays and calcium imaging), I do not think authors data support the assertion that EFHC-1 functions at the synapse and cilium. Figure 1 shows EFHC-1::GFP localization throughout neurons, including cilia, dendrites, and axons and EFHC-1 colocalization with RAB-3 and ELKS^-1^ is not convincing (Supplemental figure 2). However, authors do have the tools to address my major concern. Is EFHC-1 actively transported in dendrites and axons to its site of action? Active transport to axons would be convincing -- diffusion would not.

Although overexpressed GFP transgenes show localisation patterns consistent with that of endogenous protein localisation, it is possible that such localisation may not accurately represent the endogenous localisation of EFHC-1. To address this possibility, we tagged the endogenous *efhc-1* locus with GFP using the CRISPR genome editing tool and determined the localisation of the EFHC-1 expressed at physiological levels. *efhc-1::gfp* is expressed in OLQ, CEP and ADE neurons, and the EFHC-1 protein localises to the OLQ, CEP and ADE cilia. Given that both the overexpressed EFHC-1::GFP construct and the endogenously GFP-tagged EFHC-1 localise specifically to cilia as well as synaptic regions, we feel that this provides strong evidence for the function of EFHC-1 at these two subcellular regions. Consistent with this, EFHC1 is a known cilium-associated protein (*e.g.*, in *Chlamydomonas*, see Ikeda et al., 2005), and in a *Drosophila* study, was also found to localise to the synaptic region (Rossetto et al., 2011).

To further support our assertion that EFHC-1 functions at the cilium and the synapse as recommended by the reviewer, we performed fluorescence recovery after photobleaching (FRAP) in the EFHC-1::GFP overexpression strain and the endogenously GFP-tagged EFHC-1 strain to examine whether EFHC-1 proteins can freely diffuse inside cilia. GFPtagged ARL-13 shows rapid recovery in bleached cilia, indicative of its ciliary localisation being dependent on diffusion (Cevik et al., 2013). In contrast, when we photobleached a portion of either CEP or OLQ cilia, we could not observe a similar rapid recovery within 30 seconds, indicating that EFHC-1's localisation to cilia is mostly static (Figure 1---figure supplement 4A-B). Moreover, we generated kymographs to observe potential associations between intraflagellar transport (IFT) and EFHC-1, a scenario that is observed for several ciliary proteins. Unlike IFT proteins, we could not observe any clear (anterograde/retrograde) IFT tracks, suggesting that ciliary-localised EFHC-1 proteins are not associated with IFT (Figure 1---figure supplement 4C). Lastly, to determine whether dendritic transport is essential for ciliary localization of EFHC-1, we investigated the ciliary localisation of a control protein, the odorant receptor, ODR-10, that is dependent on dendritic transport mediated by UNC-101 (Dwyer et al., 2001). GFPtagged ODR-10, which is expressed in AWB neurons, mainly accumulates in cilia of wild-type animals, but diffuses throughout the whole AWB neurons in *unc-101* mutants. In contrast, we found that the ciliary localization of EFHC-1 was unchanged in *unc-101* mutants, suggesting that UNC-101 is dispensable for the OLQ and CEP ciliary localisation of EFHC-1 (Figure 1---figure supplement 4D).

We agree that the quality of the EFHC-1 colocalisation images with RAB-3 and ELKS^-1^ needed to be improved to adequately infer the suggested colocalisations. We have replaced these images with ones that are much clearer (Figure 1---figure supplement 5). We also thank the reviewers for suggesting the important experiment of directly assessing active transport of EFHC-1 to synapses using the *unc-104* mutant. Synaptic vesicle proteins like RAB-3 are not transported to synaptic regions from cell bodies in the *unc104 (e1265*) mutant (Nonet et al., 1997). However, we discovered that the axonal localisation of EFHC-1 is UNC-104 independent. Importantly, such a localisation pattern that is independent of UNC-104 transport is also seen for active zone proteins such as ELKS^-1^ (Deken et al., 2005), providing further support that EFHC-1 localises to presynaptic active zones. We include this data in Figure 1---figure supplement 5.

> Does EFHC-1 ciliary vs synaptic localization rely on the same elements? Authors show that EFHC-1(217-417), a construct containing only the second DM10 domain, still localized to cilia. How do EFHC-1 (1-216) and EFHC-1(217-417) look in the rest of the neuron?

We have compared the localisation pattern of EFHC-1(1-216) and EFHC-1(217-417) in the rest of the neurons. We found that EFHC-1(217-417) predominantly localizes to the cilia of dopaminergic (CEP, ADE, and PDE) as well as glutamatergic (OLQ) neurons, but is weakly present in the rest of the neurons (dendrites, cell bodies, axons). However, EFHC-1(1-216) variant diffuses throughout the neurons but is weakly present at the cilium (Figure 1---figure supplement 3). For these constructs, the differences between synaptic localisations are less apparent, preventing any conclusion that either truncation (each containing one DM10 domain) is responsible for facilitating synaptic localization of EFHC-1.

> Authors show that efhc-1 CEP cilia (by TEM) and synapses (by ELKS^-1^::tdTomato) look normal. The former is convincing, the latter not. How does neuronal architecture look in the efhc-1 mutant (TEM not required, a soluble GFP showing that axonal architecture would suffice).

We thank the reviewer for this excellent suggestion. To address this question, we expressed *Pdat-1::gfp* to specifically mark dopaminergic neurons in wild-type and *efhc-1 (gk424336*) mutant strains. We discovered that the axonal architecture of the *efhc-1* mutants is indistinguishable from that of wild-type animals. We have replaced the previous image in Figure 4---figure supplement 1.

> Figure 3C is really striking. The tubule associated material appears to be surrounded by singlet microtubules. Is there a stereotypical pattern in WT and is this changed at all in efhc-1 mutant? How many cilia were analyzed in WT and efhc-1 animals?

The TAM in the CEP cilium appears similarly organised in wild-type animals and *efhc-1* mutants; typically 7-8 individual TAM densities are visible, each surrounded by multiple singlet microtubules. We counted microtubule numbers in three wild-type cilia (33, 27, 45) and two *efhc-1* mutant cilia (31, 40). On average, we see 35/36 singlet microtubules per CEP cilium in each case indicating no gross defect in CEP microtubule number.

> Figure 3D. Authors show TRP-4 localization in WT and efhc-1 cilia and conclude there is no difference. To my eyes, the efhc-1 cilia look longer and TRP-4 more distally located. Please quantitate TRP-4 distribution.

We have measured the length of CEP and OLQ cilia in *trp-4* and *trp-4;efhc-1* mutants using the TRP-4::YFP marker. We found that ciliary length was not changed, and added these data to Figure 3D. We also replaced the previous images with ones that are of better quality, and are more representative, of the localisation of TRP-4::YFP to these cilia in these mutants.

> Please provide information on the nature of the efhc-1 alleles.

The *efhc-1* alleles used for these images are the *gk424336* allele with a nonsense mutation (L222Amber), and the *tm6235* allele with an in-frame deletion of exons 3--7 (Loucks et al., 2016). These details have been added to the Materials and methods section.

> Figure 1B and Figure 1---figure supplement 1: In the male tail, what is the circular structure outlined by efhc-1::GFP?

We are uncertain as to what the circular structure is, but it is not consistently observed across different microscopy images. We chose this particular image for the manuscript because it shows a clear localisation pattern for the EFHC-1 protein distal to the dendrites of dopaminergic neurons within the male tail.

> Do efhc-1 males display any ray-mediated mating defects?

This is an excellent question, given the role of these structures in male reproductive behavior. To address this, we have examined the mating efficiency of *efhc-1* mutants that show increased dopamine signalling according to both the tap habituation and the swimming-induced paralysis (SWIP) assays. While the dopamine-deficient mutant *cat-2 (e1112*) males show mating deficits (Correa et al., 2012), *efhc-1 (tm6235* and *gk424336*) mutant males have similar mating potency to wild-type animals (Figure 2---figure supplement 1B). This suggests that enhanced dopamine signalling does not interfere with male mating.

> Figure 2---figure supplement 1: why show amphid channel ultrastructure of efhc-1 mutants if the gene is not expressed in these ciliated cell types? It would be more informative to more carefully analyze CEP and OLQ ultrastructure in efhc-1 animals.

The OLQ cilia of *efhc-1* mutants display normal ultrastructure; distal segments display the characteristic square arrangement of 4 connected electron dense doublet microtubules, followed by a middle segment of variable doublet microtubule numbers, and a proximal transition zone of 9 doublet microtubules with clearly evident Y-links. As mentioned above, the CEP cilia of *efhc-1* mutants also show normal ultrastructure with similar arrangements of singlet microtubules surrounded by tubule-associated material. We chose to also look at the ciliary ultrastructure of cilia to which EFHC-1::GFP was not observed to account for the possibility that EFHC-1 may be present within these cilia at levels below detection capabilities. It was thus not surprising that no ciliary ultrastructure defects were seen in other ciliated cell types. We thank the reviewer for this question and added text to help explain this in the manuscript.

\[Editors' note: the author response to the re-review process follows.\]

> \[...\] The authors have done the suggested experiments, but we still don\'t know if EFHC1 is acting in the axon. The negative results are interesting, suggesting that targeting of EFHC1 occurs by some novel mechanism. However, the bottom line is a bit unsatisfying, as we still don\'t know details about the mechanism of localization or function. The colocalization of EFHC-1 and ELKS^-1^ at active zones (which the authors say is better imaged in new Figure 1---figure supplement 5B) is not convincing without seeing yellow puncta and without any quantification. This also puts in question the argument that these active zone proteins don\'t require UNC-104 for location because the data do not provide convincing evidence that EFHC-1 is an active zone protein. Overall, EFHC1 seems to be in the vicinity of synapses, but whether this means anything functionally has not been determined, nor has it been determined the mechanism of differential localization. Without more evidence along these lines, we think the manuscript would be better suited to another journal. We hope that the reviewer comments will be helpful to you.

We would like to thank the reviewers for their interest in how EFHC-1 is targeted to the presynaptic regions, and how this relates to its function.

First, we agree that the previous colocalization images of EFHC-1 and ELKS^-1^ at synaptic regions were not sufficiently convincing. The orientation of images was originally chosen to best visualize cell bodies and axons, but we now include colocalization images in two different orientations, where the second (flipped 180° through the z axis) shows yellow puncta more clearly. These data are in the revised Figure 1---figure supplement 5B (last frame represents the added image).

These colocalization images for both wild-type and *unc-104* animals show partial colocalization in axons, as quantified using the Pearson Correlation Coefficient (PCC). We find that the average PCC of EFHC-1::GFP and ELKS^-1^::tdTomato is 0.2541 in wild-type animals and 0.243 in *unc-104* animals. The quantitation results are found in Figure 1---figure supplement 5C.

Since a value of 1 indicates perfect colocalization, our results indicate only partial colocalization between EFHC-1 and ELKS^-1^, an established active zone protein. This colocalization is not significantly different upon the loss of UNC-104, the kinesin motor implicated in the axonal transport of vesicles to synapses.

Together, our data support the assertion that endogenous EFHC-1 tagged with GFP localizes to synaptic regions in close proximity to the active zone protein, ELKS^-1^, and that the synaptic localization pattern of EFHC-1 does not appear to rely on UNC-104, much like ELKS^-1^ itself: see Nonet et al., 1997; Deken et al., 2005; and Patel et al., 2006.

These results do not allow us to classify EFHC-1 as an active zone protein (as the reviewers pointed out), and we have ensured that our manuscript text only specifies that EFHC-1 localizes in close proximity to active zones. The relevant change within the text of the manuscript is shown below (presynaptic regions is now used instead of presynaptic active zones):

In addition to EFHC-1's ciliary localization, we find that the EFHC-1::GFP fusion protein is present at presynaptic regions in dopaminergic neurons, partially overlapping with the synaptic vesicle protein, synaptobrevin (SNB-1) (Figure 1E). By tagging endogenous EFHC-1 with GFP, we confirm that EFHC-1 localizes to these presynaptic regions, where it partially overlaps with a second synaptic vesicle protein (RAB-3) (Figure 1---figure supplement 5A). More specifically, EFHC-1 is found to partially colocalize with the active zone protein (ELKS^-1^) (Figure 1---figure supplement 5B-C), where it is ideally positioned to regulate synaptic release in *C. elegans*. Since the presynaptic localization of synaptic vesicle proteins such as RAB-3, but not some active zone proteins like ELKS^-1^, depends on the kinesin-3 motor, UNC-104 (Deken et al., 2005; Nonet et al., 1997), we examined whether EFHC-1 also requires UNC-104 for its synaptic localization in CEP neurons. While RAB-3 localization is abrogated in *unc-104* mutants, accumulating in cell bodies and diffusing to dendrites/axons of CEP neurons, UNC-104 is dispensable for both ELKS^-1^ and EFHC-1 localization (and consequently their partial colocalization pattern) to presynaptic regions (Figure 1---figure supplement 5A-C). The presence of EFHC-1 at both the cilium and presynaptic regions of dopaminergic neurons suggests that it may play important roles in both sensation and regulation of neuronal output.

Notably, the localization (and function) of EFHC-1 at synaptic regions is further supported by our genetic analyses with UNC-2, a protein localized at presynaptic active zones and involved in provoked neurotransmitter release at the synapse. Specifically, we provide evidence, using tap habituation and swimming induced paralysis assays, both of which are modulated by dopamine signaling, that EFHC-1 negatively regulates UNC-2 activity (Figures 4C and Figure 2---figure supplement 2E). Importantly, human EFHC1 has been found to physically interact with the R-type voltage-dependent calcium channel, Ca~v~2.3, which is related to *C. elegans* UNC-2 (Suzuki et al., 2004). There is also consensus in the literature that EFHC1 likely interacts with Ca~v~2.3 to modulate its function (see Suzuki et al., 2004 and Katano et al.,2012). In summary, these data support a role for EFHC1 at synaptic regions, consistent with previously published work.

In conducting the requested experiments to help understand how EFHC-1 is transported to ciliary and synaptic regions in glutamatergic and mechanosensory neurons in *C. elegans*, we show that the localizations of EFHC-1 are independent of either UNC-101 (dendritic transport) or UNC-104 (axonal transport). This indicates that EFHC-1 may be transported to either location viaother transport mechanisms. Furthermore, our results highlight new avenues of research that might help to better understand this epilepsy-associated protein. To further address this in the manuscript, we include a paragraph in the discussion in which we bring attention to the importance of this area for better understanding EFHC-1's proposed functions. Specifically, we propose that EFHC-1 may differentially localize to ciliary/synaptic regions through diffusion, followed by specific retention at these locations, possibly facilitated by cytoskeletal arrangements and associated proteins unique to each location (microtubule arrangements such as the EFHC-1-containing protofilament ribbon at the cilium, or actin arrangements that act as scaffolds to organize synaptic release machinery close to active zones). The paragraph we added to the Discussion section is shown below:

Previous work has identified EFHC1 at both ciliary (Conte et al., 2009; Ikeda et al., 2003b, 2005; Suzuki et al., 2008, 2009) and synaptic (Rossetto et al., 2011) regions, yet proposed functions at either location have only been considered separately. Our work in *C. elegans* provides a unique perspective given that EFHC1-containing cells harbor both ciliary and synaptic regions, thus raising the intriguing possibility of differential trafficking to these two distinct locations within single cells. We show that EFHC-1's ciliary localization is independent of UNC-101 and synaptic localization is independent of UNC-104, indicating that EFHC-1's unique localization pattern does not rely on theseknown active transport mechanisms. While it is possible that EFHC-1's localization pattern is dictated by other transport mechanisms, it could also result from diffusion of EFHC-1 throughout cells, followed by ciliary/synaptic retention through interactions with cytoskeletal arrangements, or specific proteins, unique to each location that enable scaffolding; for example, microtubule-associated proteins for ciliary localization (Ikeda et al., 2005) and actin-associated proteins for synaptic localization (Torres and Inestrosa, 2018). These possibilities warrant further attention to help better understand EFHC-1's mechanism of action at each site.

We agree that how EFHC-1 differentially localizes to ciliary and synaptic regions is an interesting and important problem, but our work has also uncovered several important insights into the functions of EFHC-1 in *C. elegans* neurons that may have parallels in the human brain. Firstly, we show that EFHC-1 allows for normal dopamine signaling, suggesting that in its absence dopamine transmission is impaired, a phenomenon that may have consequences for neuronal excitability, leading to epilepsy in the human brain (Bozzi and Borrelli, 2013 and Ciumas et al., 2008).

Secondly, we find that EFHC-1 is required for mechanosensation, another novel finding given that EFHC-1 has previously been associated with ciliary motility and not sensory functions. Given that the loss of EFHC-1 prevents the mechanosensation required for dopamine release and yet also increases dopamine signaling (as measured by several behavioral assays), our work demonstrates that EFHC-1 localizes to and functions at the cilium, as well as downstream (in close proximity to synaptic active zones) to facilitate dopamine signaling.

This dual localization and function of EFHC-1, which regulates neuronal sensory input and output to allow appropriate dopamine release/signaling, represents a novel, central finding of our study. We hope our findings will not only help illuminate the function of EFHC-1, but also provide interesting insights into the connection between dopamine signalling, cilia, the synapse, and epilepsy.

[^1]: These authors contributed equally to this work.
